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The popular use of titanium dioxide (TiO,) among metal oxides in a variety of optoelectronic
applications can be attributed to its low cost and strong extinction in the UV region. However, TiO,
suffers from an inability to utilize a major part of the solar spectrum, and from rapid electron—hole
recombination of photo-generated charge carriers. These challenges can be resolved by incorporating
gold-silver nanoshells (GS—NS) with localized surface plasmon resonances (LSPR) into TiO, nanostruc-
tures, with the overall goal of understanding near-field LSPR activation as well as electron-transfer and
charge-trapping characteristics in core-shell and core-dual-shell systems. A method for the synthesis
of core—shell nanoparticles consisting of a hollow gold-silver nanoshell core with a TiO, shell
(GS—NS@TIO,) is presented. Synthesis of core-dual-shell nanoparticles with either a semiconducting or
insulating interlayer between the GS—NS core and TiO, shell (GS-NS@SnO,@TiO, and GS-NS@SiO,@
TiO,) is also presented. In addition to a strong tunable surface plasmon resonance in the visible to near-
IR region that allows better utilization of the solar spectrum by the TiO, shell, incorporation of a GS—NS
core leads to significant suppression of electron—hole recombination processes in TiO,, further demon-
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strating the advantages of the plasmonic core and metal oxide shell architecture. The near-field LSPR
properties and charge transfer characteristics were further modified by the incorporation of SnO, or
DOI: 10.1039/d3ma00756a SiO; interlayers, with the SnO, interlayer providing the most effective suppression of charge recombina-
tion. Reliable methods to fabricate composite TiO,-based nanoparticles with finely tunable optical and

rsc.li/materials-advances electrical properties are reported.

1. Introduction

Wide band gap (2-4 eV) metal oxide semiconductors are
important materials for the fabrication of transparent electro-
nics, thin-film transistors (TFTs), acoustic devices, solar cells,
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for these materials expanding rapidly, especially in the field of
photocatalysis, the cost-effective fabrication of materials in the
form of nanoscale colloidal particles, is an important task.”
Recently, metal oxide nanoparticles have been shown to be very
effective materials for photocatalytic applications like water
splitting, hydrogen generation, CO, reduction, degradation of
dyes, organic and industrial pollutants, as well as for anti-
bacterial treatment.>’” For photocatalysis, which is primarily
a surface process, a higher surface area per mass of material
becomes a critical factor for commercial utilization. In addition
to their deposition as finely structured thin films, colloidal
nanoparticles also offer flexibility for use in suspensions,
colloidal solution-phase reactions, and incorporation within

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymeric structures."”>™'® Titanium dioxide (TiO,) is the ear-
liest discovered and most widely used metal oxide photocatalyst
by virtue of its low cost, low toxicity, high photoactivity, and
good chemical and thermal stability.’” Like many other metal
oxides, however, TiO, faces two major challenges to widespread
practical use in solar light-induced photocatalytic and photo-
voltaic applications. The first limitation is its inability to utilize
the majority of the solar spectrum that reaches the earth’s
surface; due to its wide band gap, extinction is limited to the
UV region only."” The second limitation for TiO, is the poor
quantum yield caused by rapid recombination of photogener-
ated electrons and holes.'®™®

Noble metal nanoparticles are a class of materials known for
strong extinction of light in visible to near-IR regions. Localized
surface plasmon resonance (LSPR) leads to strong extinction of
light with a frequency matching that of the oscillating electrons
in the nanoparticle. In noble metal nanoparticles, these reso-
nances correspond to strong extinctions in the visible and near-
IR wavelengths.’®>' Gold nanoparticles (Au NPs) are the most
commonly used type of materials for this purpose, with their
extinction in the range between 520-560 nm.'®>?? This LSPR
extinction can be extended towards the longer wavelengths by
changing the morphology to nanorods, nanocubes, nanostars,
nanoshells, or nanospheres of larger sizes.”* >’ Various types of
gold nanoparticles have been studied in core-shell systems
with TiO, and have effectively enhanced their visible-light
photoactivity.”” > Recently, hollow nanoshells of gold alloyed
with silver (GS-NS) were demonstrated to be a much more
stable alternative to gold nanoparticles, affording a wider LSPR
signal using lesser and cheaper material.*®* The extinction of
GS-NS is tunable across the entire range between 500-1000
nm."® In a previous paper, our groups showed that incorporat-
ing a GS-NS core inside a SnO, shell can activate intense
extinction of light in visible and near-IR regions.** Additionally,
the GS-NS core led to a remarkable near-complete suppression
in the rate of electron-hole recombination in the SnO, shell;
demonstrating the distinct advantages of the metal core- metal
oxide shell architecture.

Encouraging results observed with SnO, suggests that
GS-NSs could have a similar potential to overcome the limita-
tions of TiO, as well. SnO, and TiO, are similar in terms of their
crystal structure (rutile and anatase) and bond lengths (~1.9 A),
giving rise to comparable band gaps (~3.2-3.6 €V).>>*® However,
the optical and electronic properties can be quite different.
Theoretical studies of their electronic structures (both rutile and
anatase) show that the conduction band (CB) of TiO, has several
dense energetically flat levels, while the CB of SnO, has a single
highly dispersive level.>® As a consequence, TiO, absorbs UV
wavelengths much more strongly compared to SnO,. To add to
the strong UV extinction, this work attempts to utilize the
properties of a GS-NS core with metal oxide shell architecture
for enhancing visible and near-IR utilization and charge separa-
tion of TiO,. Most recipes for uniform TiO, nanoparticle
synthesis involve controlled hydrolysis of titanium alkoxides
in non-aqueous solvents.>”~*" This route is typically preferred
because titanium alkoxides spontaneously hydrolyze to form
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TiO, when exposed to water, hence controlled growth of TiO,
shells cannot be performed in an aqueous environment.*” !
However, most popular methods for plasmonic noble metal
nanoparticle synthesis involve aqueous systems.'®**™*° This
report describes an effective synthetic strategy to circumvent
this problem to achieve the controlled growth of TiO, shells
with various thickness around plasmonic GS-NS cores.

In addition to noble metal nanoparticle coupling, other
strategies explored to increase electron-hole pair separation
efficiency in TiO, are nanoscale heterostructures with other
semiconductors, which have received attention due to their
excellent charge separation and catalytic activities.*>*” Among
the semiconductor/TiO, heterojunction systems, the SnO,/TiO,
heterostructure attracts interest in particular due to their
structural analogy. Both oxides have the same crystal symmetry
(tetragonal) and have two molecular units per unit cell (Z = 2).
SnO, and TiO, form a type-II heterojunction. The valence band
(VB) of TiO, is energetically positioned between the VB and CB
of SnO,, while the CB of TiO, is positioned above the VB and CB
of Sn0,.*® When activated simultaneously, this staggered con-
formation of energy levels means that the CB of SnO, can act as
a sink for photogenerated electrons.’® The photogenerated
holes move in the opposite direction and accumulate in the
VB of TiO,. This formation of an excitonic charge separation
state leads to an effective separation of electrons and holes,
reducing recombination.*® This feature is beneficial to applica-
tions such as photovoltaic devices and photocatalysts. The
SnO,/TiO, core-shell heterojunction characteristics have been
extremely effective for dye-sensitized solar cells due to an
effective inhibition of back-electron transfer between the oxi-
dized dye and reduced semiconductor.*”***° So far, such metal
oxide heterojunctions have been mostly fabricated and studied
as thin films, and nanowire arrays.*>>" In this current study, a
strategy to synthesize this heterojunction in a colloidal nano-
particle is described. Previously, our group has synthesized the
TiO,/SnO, heterojunction with TiO, as the core and SnO, as the
shell, making a reduction photocatalyst material, with elec-
trons collecting at the outer SnO, shell.>® The nanoparticles
reported in this paper feature the reverse heterojunction,
employing a TiO, shell outside a SnO,-based core which would
concentrate holes on the TiO, shell outside, making them more
effective as an oxidation photocatalyst. Photogenerated holes
oxidize hydroxide ions to hydroxide radicals which act as the
major oxidizing species in oxidation photocatalysis.”* Impor-
tantly, in this report, a three-layer composite with TiO, shells
around a plasmonic GS-NS with a SnO, interlayer is synthe-
sized to generate the plasmonically-activated SnO,/TiO, hetero-
junction core-dual-shell nanoparticle - GS-NS@SnO,@TiO,.

According to a previous report by Li et al., photocatalytic
activation in ZnIn,S, was greatly enhanced by incorporating a
GS-NS core, which was further improved by the presence of an
insulating SiO, interlayer.'® As a different kind of dielectric
to SnO,, an insulating SiO, interlayer is expected to block
electron movement between the TiO, shell and GS-NS core.
However, there is no direct evidence in the literature to confirm
this hypothesis. To study this effect, GS-NS@SiO,@TiO,
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nanoparticles were also synthesized. A facile and versatile
method is reported herein for the controlled growth of TiO,
shells directly on a metal core such as GS-NSs, as well as on
GS-NSs with an insulating (SiO,) and semiconducting (SnO,)
interlayers. The effects of the different interlayers on the near-
field LSPR properties and charge transfer between the GS-NS
core and TiO, shell has been investigated. A better under-
standing of these different types of interlayers in such a system
adds an extra degree of control in tuning the optical and
electrical properties on the nanoscale. All of the nanoparticles
were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), scanning transmis-
sion electron microscopy (STEM), energy dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS),
and X-ray diffraction (XRD). Separately, the optical properties
were evaluated by UV-vis spectroscopy and the rates of electron-
hole recombination in these various TiO,-based systems were
compared using photoluminescence spectroscopy (PL).

2. Materials and methods

2.1. Synthesis of hollow gold-silver nanoshells (GS-NS)

Hollow gold-silver nanoshells (GS-NS) were prepared as out-
lined in Scheme S1 (ESIY), using the recipe previously reported
by our group.® After removing the supernatant, the residue was
redispersed in 10 mL of Milli-Q water.

2.2. Synthesis of GS-NS@TiO, core-shell nanoparticles

The TiO, coating recipe, outlined in Scheme 1, is a modifica-
tion of the recipe reported by Lee et al.>* The first step is phase-
transfer of the GS-NSs to an ethanol solvent. Specifically, 0.02 g
of hydroxypropyl cellulose (HPC) was added to a 10 mL solution
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of GS-NSs in Milli-Q-water from the previous step and soni-
cated for 90 min for functionalization. After functionalization
with HPC, 15 mL of EtOH was added to this dispersion,
sonicated again for 10-15 min, and then centrifuged at
8000 rpm for 15 min. The supernatant was discarded, 15 mL
of EtOH was added, and the solution sonicated again for
15 min. To reduce or eliminate the formation of unwanted
TiO, from hydrolysis of TBOT in free solution, anhydrous EtOH
from a freshly opened bottle was used at each step. This
solution was then centrifuged at 8000 rpm for 15 min, the
supernatant was discarded to remove any remaining water, and
then finally redispersed in 1 mL of EtOH.

Subsequently, this concentrated solution of GS-NSs in EtOH
was transferred to a glass vial, and 0.02 g of HPC was added. To
activate the controlled hydrolysis of TBOT, 300 puL of Milli-Q-
water was also added to this vial, and the contents were
sonicated for 90 min. Subsequently, 180 pL (0.528 mmol) of
TBOT was dissolved in 4 mL of EtOH from a freshly opened
bottle. Using a syringe pump, 3 mL of this TBOT solution was
then slowly added to the HPC-functionalized GS-NSs over
30 min under stirring. The reaction vial was then stirred over-
night at rt. The contents of the reaction vial were then trans-
ferred to a 75 mL round-bottom flask and refluxed at 85 °C for
90 min. The contents were then cooled to rt and centrifuged,
typically at 8000 rpm for 15 min, washed with EtOH, centri-
fuged again, and finally redispersed in 1 mL of EtOH. The
nanoparticles thus obtained after the first TiO, coating are
denoted as GS-NS@TiO,(x1). To increase the thickness of
the TiO, shell, a second coating was performed on the
GS-NS@TiO,(x1) nanoparticles. Specifically, 0.02 g of HPC
was added to 1 mL of GS-NS@TiO,(x1) and sonicated for
90 min. Subsequently, 180 puL (0.528 mmol) of TBOT was
dissolved in 4 mL of EtOH from a freshly opened bottle. Using

Hydroxypropyl cellulose

S )

TBOT, H,0, EtOH

Hydroxypropyl cellulose

C
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Scheme 1 Synthesis route for GS—-NS@TiO,, GS-NS@SnO,@TiO,, and GS-NS@SiO,@TiO, nanoparticles.
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a syringe pump, 3 mL of this TBOT solution was then slowly
added to the HPC-functionalized GS-NSs over 30 min under
stirring. The reaction was stirred overnight at rt, then the
contents were transferred to a 75 mL round-bottom flask and
refluxed at 85 °C for 90 min. The contents were then cooled to rt
and centrifuged, typically at 8000 rpm for 15 min, washed twice
with EtOH, centrifuged again, and finally redispersed in 1 mL
of EtOH. The nanoparticles thus obtained after the second TiO,
coating are denoted as GS-NS@TiO,(x2).

2.3. Synthesis of GS-NS@SnO,, core-shell nanoparticles

As outlined in Scheme 1, the recipe reported previously by our
group was used to synthesize the SnO,-coated GS-NS.** The
particles were washed once after synthesis and finally redis-
persed in 10 mL of Milli-Q water.

2.4. Synthesis of GS-NS@SiO, core-shell nanoparticles

The SiO, coated GS-NS were adapted from a previously
reported method, as outlined in Scheme 1.'® Briefly, 10 mL of
the GS-NS solution was diluted to 20 mL and added to a 150 mL
round bottom flask. Separately, 2 mL of ammonium hydroxide
was mixed with 45 mL of fresh ethanol and this mixture was
added to the flask containing the diluted GS-NS solution. After
10 min of stirring, 35 uL of TEOS was added to this mixture and
stirred overnight at rt. The contents were then centrifuged at
8000 rpm for 15 min, the supernatant was discarded, and the
residue was redispersed in 10 mL of ethanol.

2.5. Synthesis of GS-NS@SnO,@TiO, and
GS-NS@SiO,@TiO, core-dual-shell nanoparticles

The recipe for phase transfer of GS-NS@SnO, core is similar to
that for the GS-NS core after HPC functionalization, as outlined
in Scheme 1. Specifically, 10 mL of the GS-NS@SnO,, in water
from the previous step was taken, 15 mL of EtOH was added to
this dispersion, sonicated for 10-15 min, and then centrifuged
at 8000 rpm for 15 min. The supernatant was discarded, 15 mL
of EtOH was added, and the solution sonicated again for
15 min. This solution was then centrifuged again at 8000 rpm
for 15 min, the supernatant was discarded to remove any
remaining water and then finally redispersed in 1 mL of EtOH.
The phase transfer of the GS-NS@SiO, core is simpler since the
nanoparticles are already dispersed in EtOH. Specifically,
10 mL of the GS-NS@SiO, in EtOH from the previous step
was concentrated by centrifuging and directly redispersing into
1 mL of EtOH. After generating a concentrated solution of GS-
NS@SnO, or GS-NS@SiO, in EtOH, the TiO, coating recipe is
exactly the same as described for the GS-NS core. The nano-
particles thus obtained after the first TiO, coating are denoted
as GS-NS@Sn0,@Ti0,(x 1) and GS-NS@Si0,@TiO,(x 1), while
those obtained after the second TiO, coating are denoted
as GS-NS@SnO,@TiO,(x2) and GS-NS@SiO,@TiO,(x2),
respectively.

2.6. Synthesis of GS-NS@SiO,@TiO,-seed nanoparticles

The recipe for GS-NS@SiO,@TiO, nanoparticles is modified to
synthesize GS-NS@SiO, nanoparticles decorated with TiO,-seeds.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Specifically, 10 mL of the GS-NS@SiO, in EtOH from the previous
step was concentrated by centrifuging and redispersed into 1 mL
of EtOH. This concentrated solution of GS-NS@SiO, in EtOH was
transferred to a glass vial and 0.02 g of HPC was added. To activate
the controlled hydrolysis of TBOT, 50 pL of Milli-Q-water was also
added to this vial, and the contents were sonicated for 90 min.
Subsequently, 60 uL (0.176 mmol) of TBOT was dissolved in 4 mL
of EtOH from a freshly opened bottle. Using a syringe pump,
3 mL of this TBOT solution was then slowly added to the HPC-
functionalized GS-NS@SiO, over 30 min under stirring. The
reaction vial was then stirred for 90 min at rt. The contents of
the reaction vial were transferred to a 75 mL round-bottom flask
and refluxed at 85 °C for 90 min. The reaction mixture was
allowed to cool down to rt and then sonicated for 90 min. The
contents were then centrifuged, typically at 8000 rpm for 15 min,
and finally redispersed in 1 mL of EtOH. The nanoparticles thus
obtained after the TiO, seeding are denoted as GS-NS@SiO,@
TiO,-seed nanoparticles. This seeding recipe can be repeated
again to increase the number of TiO, seeds on the surface.

3. Results and discussion

3.1. Synthesis and morphological study of the nanoparticles

3.1.1. Gold silver nanoshells (GS-NSs). The hollow gold-
silver nanoshells (GS-NSs) were prepared in two steps as
described in our previous paper** and illustrated in Scheme S1
(ESIY). Silver nanoparticles with diameter ~30-50 nm (SEM
image in Fig. S1a, ESIt) were prepared in the first step. Once the
Ag NPs were obtained, hollow gold-silver nanoshells (GS-NSs)
were generated by performing a galvanic replacement to reduce
gold onto the silver nanoparticles, using a K-gold solution
comprising of HAuCl, and K,CO3, described in detail on our
previous paper.** To obtain the exact desired extinction
maximum for each batch of GS-NSs, the reaction was moni-
tored using UV-Vis spectroscopy, resulting in slight variations
in the reaction time. The optical properties are discussed in
detail in later sections. The SEM images (Fig. Sib, ESIt)
confirm the successful formation of hollow spherical gold-
silver nanoshells. As determined from size measurements, the
average diameter of the GS-NSs was 56 £+ 9 nm.

3.1.2. GS-NS@TiO, core-shell nanoparticles. After the
successful synthesis of GS-NSs, titanium dioxide shells were
grown around these nanoparticles, as outlined in Scheme 1.
The synthesis strategy to grow the TiO, shells is loosely based
on the method reported by Lee et al.>* The TiO, shells are
formed by the hydrolysis of titanium butoxide (TBOT). TBOT
spontaneously hydrolyses to titanium dioxide when it comes in
contact with water and air.>® To selectively grow TiO, only on
the surface of the core nanoparticles, a non-aqueous solvent is
required, such as ethanol. However, the most popular recipes
for the synthesis of various noble metal nanoparticles like Au
and Ag NPs, are based on the sodium citrate method in
water."®**™*> The GS-NSs described in this manuscript are also
citrate stabilized in water. Furthermore, these Au NPs, Ag NPs,
as well as GS-NSs spontaneously aggregate when dried or when

Mater. Adv,, 2024, 5,1648-1666 | 1651
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dispersed in ethanol and other non-aqueous solvents, which
poses a challenge when adopting the alkoxide hydrolysis
method to grow TiO, shells on such plasmonic cores.
Addition of TBOT to such an aqueous solution of plasmonic
nanoparticles leads to the formation of large amounts of TiO,
in free solution rather than growing exclusively on the surface
of the plasmonic core. To circumvent this problem, the need for
a stabilizing surfactant to enable dispersibility in ethanol for
the GS-NS is crucial. However, since the GS-NSs also aggregate
when dried, the GS-NS require colloidal functionalization with
the new surfactant first in water and then redispersed into
ethanol.

In this report, hydroxypropyl cellulose (HPC) was chosen as
the surfactant. In addition to successful phase transfer, hydro-
xypropyl cellulose can also stabilize and disperse the final TiO,
coated core-shell composites synthesized by hydrolysis of
TBOT in ethanol.>®> Lee et al. compared the growth of TiO,
shells on SiO, cores from TBOT with and without HPC and
found that the addition of HPC significantly improves the
dispersion of the final nanoparticles.>® Although, eccentric
TiO,-coated Au nanostructures were obtained by Seh et al
using HPC,>* our goal is to synthesize uniform shells of TiO,

Fig. 1
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onto gold-silver alloy systems and such uniform shells require
the use of TBOT as the TiO, precursor.>® Thus, in our method
we attempted to exploit the dual-ability of HPC as a phase-
transfer agent as well as a stabilizer and combine it with the
attributes of TBOT hydrolysis to generate uniform TiO, shells
around aqueously synthesized metal nanoparticles. The GS-NS
solution functionalized with HPC, was washed with anhydrous
ethanol multiple times to eliminate water. Secondly, the as-
prepared HPC-functionalized GS-NS solutions were concen-
trated 10-fold due to the need for a high NP concentration to
reduce free solvent volume further, diminishing the chances for
formation of free TiO,. A minimal amount of Milli-Q water was
then added to the concentrated core nanoparticle solution
along with hydroxypropyl cellulose and sonicated to selectively
disperse the HPC and water molecules on the surface of the
GS-NSs. The slow addition of TBOT precursor and overnight
stirring followed by reflux leads to the formation of TiO, shells
via controlled hydrolysis.

The SEM and TEM images demonstrate the successful
formation of TiO, shells around the GS-NSs. As evident from
the SEM image in Fig. 1, TiO, is exclusively hydrolyzed only on
the surface of the GS-NS, and the formation of free TiO,
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nanoparticles, respectively. The fuzzy appearance of the particles in many of the SEM and TEM images can be attributed to polycrystalline nature of

the TiO, coatings and the resolution of our microscopy instruments.
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particulates is dramatically reduced or completely eliminated.
Obtaining a thicker TiO, shell in a single step by increasing
water or TBOT concentration is complicated by the formation
of free TiO,. Instead, to obtain thicker shells with good
uniformity, the coating process is repeated on the already
coated nanoparticles. The TEM images in Fig. 1 show that the
TiO, shell becomes thicker after the second coating. Using
statistical image analysis of the SEM images (Table 1), after
one coating, the average diameter of the GS-NS@TiO,(x1)
nanoparticles was determined to be 70 = 10 nm. According
to these measurements, the TiO, shells have an average
thickness of 7 £ 1 nm. After a second coating, the average
diameter increased to 112 + 31 nm, indicating an increase in
TiO, shell thickness to 28 + 11 nm for the GS-NS@TiO,(x2)
nanoparticles.

Table 1 Nanoparticle size and shell thicknesses
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3.1.3. GS-NS@SnO, and GS-NS@SiO, core-shell nano-
particles. The SnO,-coated GS-NSs were synthesized according
to a previously described method, as outlined in Scheme 1.**
The SEM image of the SnO,-coated GS-NSs in Fig. 2a shows
that they are all uniformly covered with a thin tin oxide shell.
Using statistical image analysis of the SEM images, after one
coating, the average diameter of the GS-NS@SnO, nano-
particles was determined to be 77 £ 15 nm. According to these
measurements, the SnO, shells have an average thickness of
11 + 3 nm. Overall, analysis by SEM showed that the tin oxide
coated core-shell nanoparticles were well dispersed, spherical,
and uniformly sized (Fig. 2a).

The synthesis procedure for SiO, coated GS-NS was adopted
from a previously reported method, as outlined in Scheme 1.
TEOS was used as the SiO, precursor. The thickness of the SiO,

GS-NS core SnO, shell SiO, shell TiO, shell Total
Particle diameter (nm) thickness (nm) thickness (nm) thickness (nm) diameter (nm)
GS-NS 56 +9 — — — 56 +9
GS-NS@TiO,(x1) 56 + 9 — — 7+1 70 £ 10
GS—NS@TiOZ(XZ) 56 +9 — — 28 £ 11 112 4+ 31
GS-NS@SnO, 56 £9 11 +£3 — — 77 £ 15
GS-NS@SnO,@TiO,(x1) 56 +9 11 +3 — 4+1 85 + 15
GS-NS@SnO,@TiO,(x2) 56 £ 9 11+ 3 — 17 £ 4 110 £ 23
GS-NS@SiO, 56 +9 — 23+ 7 — 102 4+ 22
GS-NS@SiO0,@TiO,(x 1) 56 +9 — 23+ 7 5+ 4 112 + 30
GS—NS@SiOz@Tioz(XZ) 56 £9 — 23 £7 10 + 3 122 + 28
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Fig. 2

Size (nm)

(a)—(c) SEM images and (d)—(f) Size distribution histograms for stepwise coating of TiO, shells on GS—NS cores with a SnO; interlayer. (g)—(i) SEM

images and (j)—(l) Size distribution histograms for stepwise coating of TiO, shells on GS—NS cores with a SiO; interlayer. The fuzzy appearance of the
particles in many of the SEM and TEM images can be attributed to polycrystalline nature of the TiO, coatings and the resolution of our microscopy
instruments.
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shell can be varied by changing the amount of TEOS. In our
experiments, the amount of TEOS was fixed at 35 pL. The SEM
image in Fig. 2g shows the morphology of the GS-NS@SiO,
nanoparticles. Using statistical image analysis of the SEM
images, after one coating, the average diameter of the
GS-NS@SiO, nanoparticles was determined to be 102 £ 22 nm.
According to these measurements, the SiO, shells have an average
thickness of 23 £+ 7 nm.

3.1.4. GS-NS@SnO,@TiO, and GS-NS@SiO,@TiO, core-
dual-shell nanoparticles. As outlined in Scheme 1, the GS-
NS@SnO, and GS-NS@SiO, cores underwent the same treat-
ment as the GS-NSs to generate TiO, core-dual-shell nano-
particles with a semiconducting and insulating interlayer,
respectively. The TiO, shell is visibly more evident on the
GS-NS@SiO, core, see Fig. 2 and Fig. S2 (ESIf), as the rough
texture of the TiO, shell is distinct from the smooth SiO,
interlayer. The texture of TiO, is not so different from that of
SnO,, making it challenging to distinctly differentiate the TiO,
layer around the SnO,. However, the TiO, shell has a more
rugged morphology compared to the SnO, shell (see Fig. S2,
ESIt). On comparing the texture and total diameter with the
GS-NS@SnO, nanoparticles, the presence of the TiO, shell in
GS-NS@SnO,@TiO, becomes evident in Fig. S2 (ESI{). STEM-
EDX elemental mapping of Sn and Ti, covered in detail in the
next section, further demonstrates the distribution of the SnO,
and TiO, phases. As seen in the SEM image (Fig. 2) and TEM
images (Fig. 3 and Fig. S2, ESIt), the TiO, shells are fairly
uniform and continuous. Once again, there is also very limited
formation of free TiO, aggregates. Using statistical image
analysis of the SEM images (Table 1), after one round of
coating, the TiO, shells in the GS-NS@SnO,@TiO,(x1) nano-
particles exhibited an average thickness of 4 + 1 nm. A second
coating increased the TiO, shell thickness to 17 £+ 4 nm for the
GS-NS@SnO,@TiO,(%x2) nanoparticles. For the nanoparticles
with a SiO, interlayer, after one coating, the TiO, shells in the
GS-NS@SiO,@TiO,(x1) nanoparticles exhibited an average
thickness of 5 £ 4 nm. After a second coating, the average
TiO, shell thickness increased to 10 + 3 nm for the
GS-NS@SiO0,@TiO,(%2) nanoparticles. Thus, this recipe allows
one to synthesize SnO,/TiO, and SiO,/TiO, heterojunctions in a
colloidal nanoparticle using a solution-based method.

GS-NS@TiO,(x2)

725 S
\ 5

Fig. 3
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The TiO, shell formation process is similar on both the
GS-NS@SnO, and GS-NS@SiO, nanoparticles, with similar
shell thicknesses obtained for both sets of nanoparticles. These
results suggest that the SnO,-coated nanoparticles can easily
adapt to recipes utilized for SiO,-coated systems. The TiO,
shell-growth process on GS-NS@SnO, cores is also extremely
well controlled under identical reaction parameters. SiO, has so
far been the go-to shell material for nanoparticle stabilization
because of its ability to be further encapsulated by other coat-
ing materials. SnO,, here, demonstrates similar abilities. Both
materials are largely transparent to visible light and form
amorphous or polycrystalline shells.”>>” Thus both materials
do not block incident visible/near-IR-light and small chemical
species from accessing the inner core.”®™>” As observed in our
previous paper,** the SnO, coating recipe is also facile and well-
controlled, similar to the recipes for the formation of SiO,
shells.®® The SnO, shell is also more stable than a SiO, shell
across a wider range of pH values, which makes them more
robust shell materials.”® This feature allows them to be avail-
able for further functionalization that may require basic con-
ditions. Unlike SiO,, which is an insulator, SnO, is a wide band
gap semiconductor. Furthermore, the band gap, light extinc-
tion, and electrical conductivity of SnO, can be carefully tuned
via doping,***® which would not be possible for SiO,. Thus, the
SnO, shell offers a very viable and tunable semiconductor
alternative to traditional SiO, coatings for nanoparticle stabili-
zation and functionalization.

3.1.5. GS-NS@SiO,@TiO,-seed nanoparticles. Our experi-
ments showed that two main factors determine the amount of
TiO, formed: (1) the amount of TBOT and (2) the amount of
water. Smaller amounts of water and TBOT lead to thinner
shells. The rate of addition is also critical to avoid the
formation of free TiO,. Slow addition is required to ensure
selective growth of TiO, on the surface of the NP cores. This
method can also be modified to coat the plasmonic core with
TiO, seeds, instead of a complete shell. Decreasing the
concentration of the TBOT precursor solution, as well as the
amount of water and reaction time, leads to the synthesis of
TiO,-seed decorated nanoparticles. As shown in Fig. 4a and b,
the surface of the GS-NS@SiO, nanoparticles is smooth origin-
ally, whereas the formation of TiO, seeds adds contrast and

GS-NS@Si0,@TiO,(x2)
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Fig. 4 (a) and (c) SEM images and (b) and (d) TEM images of GS—-NS@SiO,
and GS—-NS@SiO,@TiO,-seed nanoparticles, respectively.

roughness to the outer surface, as illustrated in Fig. 4c and d.
This difference in contrast and roughness between the smooth
SiO, surface and the TiO,-seeded outer surface clearly demon-
strates the successful synthesis of GS-NS@SiO,@TiO,-seed
nanoparticles.

3.2. Compositional analysis of the nanoparticles

3.2.1. EDX spectroscopy and STEM-EDX mapping. In order
to further determine the exact distribution of the elements
within the nanoparticles and confirm the core-shell structure,
EDX spectroscopy along with elemental mapping and line
spectra using STEM-EDX, were performed. As observed in
Fig. 5 and Fig. S5-S7 (ESIY), silver and gold are confined only

View Article Online
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to the inner regions of the nanoparticle. Tin and silicon
distributions extend out wider to cover more of the nanoparti-
cle volume, clearly encapsulating the inner gold-silver core in
their respective nanoparticles (see Fig. 5 and Fig. S6, S7, ESIT).
As shown in Fig. 5 and Fig. S5-S7 (ESIY), the distribution of
titanium extends the widest across the nanoparticle volume
indicating that this element forms the final outermost shell.
The oxygen distribution also mimics the titanium distribution
which is consistent with a TiO, shell. This phenomenon
is observed for all three samples of GS-NS@TiO,(x2), GS-
NS@Sn0,@TiO,(x2), and GS-NS@SiO,@TiO,(x2) nano-
particles (see Fig. 5 and Fig. S5-S7, ESI+).

Fig. S4 (ESIt) shows that the EDX spectra for the final core-
shell nanoparticles after two rounds of TiO, coatings contains
the characteristic peaks for Ag, Au, Ti, and Sn/Si in their
respective nanoparticles. The relative atomic concentrations
of Ag, Au, Si, Ti, and Sn obtained from EDX measurements
listed in Table S1 (ESIt), roughly match the relative volume
occupied by their corresponding phases in the respective
nanoparticle architectures. For example, the relative concen-
tration of Ti is highest in the GS-NS@TiO,(x2) since this
nanoparticle has the thickest TiO, shell. The relative concen-
trations in GS-NS@SiO,@TiO,(x2) nanoparticles are domi-
nated by the element Si due to the very thick SiO, shell. The
relative concentration of Ag and Au are also the lowest in this
particle as it has the thickest overall shell thickness (SiO, +
TiO,). The relative concentration for Ag and Au in GS-NS@
SnO,@Ti0,(x2) is lower than the particle with no interlayer but
higher than the particle with a thicker SiO, interlayer, in
accordance with size measurements. The concentration of Sn
is also lower than Ti in this particle since the thickness of the
SnO, interlayer is less than the total thickness of the TiO, shell.

3.2.2. XPS surface analysis. XPS analysis was performed to
determine the elemental composition on the surface of the
nanoparticles at each step of the synthetic process. Fig. 6-8

Fig. 5 STEM-EDX mapping images of (a) GS—NS@TiO»(x2), (b) GS-NS@SnO,@TiO,(x2), and (c) GS—-NS@SiO,@TiO,(x2) nanoparticles, showing the

distribution of the constituent elements in the respective nanoparticles.
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Fig. 6 XPS spectra for (a) Ti 2p region, (b) O 1s region, (c) Ag 3d region, and (d) Au 4f region for the GS—NSs, GS—-NS@TiO,(x1), and GS-NS@TiO,(x2)

nanoparticles.
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Fig. 7 XPS spectra for the (a) Ti 2p region, (b) O 1s region, (c) Ag 3d region, (d) Au 4f region, and (e) Sn 3d region for the GS-NS@SnO,, GS—-

NS@SnO,@TiO,(x1), and GS-NS@SnO,@TiO,(x2) nanoparticles.

show the changes in the elemental composition at the surface
before and after coating with a TiO, shell. The relative atomic
concentrations of all the elements are presented in Table 2.
In general, the XPS intensities and relative compositions show
a decrease for the core elements and gradual increase in %Ti
with progressive coating steps 1 and 2. In the XPS spectra for
pristine GS-NS core nanoparticles (see Fig. 6), no peaks are
observed in the Ti 2p region, as expected. The presence of silver
is evident from the spectra with sharp peaks for Ag 3ds,, and
3ds/, observed at 368.8 eV and 374.8 eV, respectively.”® The
presence of gold is also evident with sharp peaks for Au 4f;),
and Au 4f;5, clearly observed at 84.8 eV and 88.5 eV,
respectively,®® which confirms the presence of gold and silver
originating from the GS-NS. As illustrated by the XPS spectra,
after coating with TiO,, peaks corresponding to Ti 2p;, and
2p1/2 at 459.0 eV and 464.3 eV, respectively, appear for both the
GS-NS@TiO,(x1) and GS-NS@TiO,(x2) nanoparticles.’®*"

1656 | Mater. Adv., 2024, 5,1648-1666

These results further confirm the successful growth of the TiO,
shell on the GS-NS core. A broad peak at 532 €V for oxygen is
observed in the O 1s spectra which shows a shift to a lower binding
energy with each step of the TiO, coating.®® XPS is a surface-specific
technique with a penetration depth of about 5-7 nm, and mainly
provides the composition at the outer surface of the nano-
particles.®®* As observed, the relative concentrations of gold and
silver progressively decrease with each coating step, which is
evident from the spectra in Fig. 6, where weak intensities are
observed in the Ag 3d and Au 4f spectra after one coating but
disappear after two rounds of TiO, coating. These results are
consistent with the shell thicknesses calculated from the SEM
image analysis, namely, 7 + 1 nm for GS-NS@TiO,(x1) nano-
particles and 28 £+ 11 nm for GS-NS@TiO,(x 2) nanoparticles. The
relative concentration of Ti appears to change little after the second
coating since the first shell itself is almost equivalent to the
penetration depth of the XPS technique.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XPS spectra for the (a) Ti 2p region, (b) O 1s region, (c) Ag 3d region, (d) Au 4f region, and (e) Si 2p region for the GS-NS@SiO,,

GS—-NS@SiO,@TiO,(x1), and GS-NS@SiO,@TiO,(x2) nanoparticles.

Table 2 XPS-derived relative atomic concentrations of Ti, O, Ag, Au, Si,
and Sn in the various TiO,-coated samples

Relative atomic concentration (%)

Sn
Sample Ti (2p) O (1s) Ag (3d) Au (4f) Si (2p) (3ds.)
GS-NS 0 43 34 19 4 0
GS-NS@TiO,(x1) 19 75 3 2 1 0
GS-NS@TiO,(x2) 20 79 0 0 1 0
GS-NS@SnO, 0 60 2 1 0 38
GS-NS@SnO,@TiO,(x1) 12 87 0 0 0 1
GS-NS@SnO,@TiO,(x2) 19 78 1 0 1 1
GS-NS@SiO, 0 67 0 0 31 0
GS-NS@Si0,@TiO(x1) 5 58 0 0 36 0
GS-NS@Si0,@TiO,(x2) 19 79 0 0 2 0

Fig. 7 shows the XPS spectra of the particles with a SnO,
interlayer before and after coating with the TiO, shells. After
the first round of TiO, coating, Ti 2p;/, and 2p,,, peaks appear
in the spectra, and the intensity and relative concentration of Ti
2p increases gradually with each coating step. The peak inten-
sities for Ag 3d and Au 4f are faint because of the SnO, shell
(11 £ 3 nm). The peaks for Ag and Au, eventually disappear
after coating with TiO,. The peaks for Sn 3ds, and 3d;, at
486.0 eV and 494.5 eV, respectively, can be clearly observed for
GS-NS@SnO, nanoparticles,>® becomes negligible after the
first round of TiO, coating and eventually disappears after
the second round of TiO, coating. All these observations are
in good agreement with thicknesses of the SnO, = 11 + 3 nm,
TiO,(x1) =4 + 1 nm, and TiO,(x2) = 17 &+ 4 nm shells in this
system. The O 1s spectrum shows a broad peak at around
532 eV for the GS-NS@SnO, nanoparticles which becomes
broader after one round TiO, coating and eventually splits up
into two peaks after a second TiO, coating. These observations
can be attributed to the presence of two different oxides in
these nanoparticles.’” As reported in prior literature, in SnO,@
TiO, composites structures, the peak at 532.9 eV corresponds to

© 2024 The Author(s). Published by the Royal Society of Chemistry

Sn0,, while the peak at 530.2 eV corresponds to TiO,.°%%%¢

The intensity of the peak at 532.9 eV, arising from SnO,,
gradually becomes weaker, while the peak at 530.2 eV, arising
from TiO,, becomes stronger with each round of TiO, coating.
This observation is in good agreement with the above assign-
ment for the two peaks.

In the case of a TiO, shell grown on a SiO, interlayer, the XPS
spectra in Fig. 8 shows that the intensity and relative concen-
tration of the Ti 2p peaks increases gradually with each coating
step. The peak intensities for Ag 3d and Au 4f are negligible
compared to the GS-NS@SnO, nanoparticles because the SiO,
shell (23 + 7 nm) is thicker than the SnO, shell (11 &+ 3 nm).
The Si 2p peak remains evident after the first round of TiO,
coating but eventually disappears after the second round of
TiO, coating. All these observations further confirm the thick-
nesses of the SiO, = 23 + 7 nm, TiO, (x1) =5 + 4 nm, and TiO,
(x2) =10 £ 3 nm shells in this system. As observed with SnO,,
the O 1s peak splits up in the presence of both SiO, and TiO,.
As reported in prior literature, in structures containing both
SiO, and TiO,, the peak at 532.6 €V corresponds to O-Si in SiO,,
while the peak at 530.2 eV corresponds to O-Ti in Ti0,.>>%>%
The intensity of the peak at 533 eV, corresponding to O-Si
gradually becomes weaker, while the peak at 530 eV, corres-
ponding to O-Ti, becomes stronger with each step of the TiO,
coating, in good agreement with the assignment for the two
peaks. As calculated in Table 2, the relative atomic concentra-
tions of Au and Ag are much lower in the XPS measurements,
compared to EDX results (Table S1, ESIt), since XPS mainly
probes the surface composition, which further confirms that
the Au NP and GS-NS cores are consistently covered by TiO,/
Sn0,/SiO, shells. Additionally, all the relative atomic concen-
trations of the TiO, coated nanoparticles after the second
coating step, are quite similar for all the nanoparticles. Thus,
the outer surface of the GS-NS@TiO,(x2), GS-NS@SiO,@
TiO,(x2), and GS-NS@SnO,@TiO,(x2), comprise almost exclu-
sively of titanium and oxygen confirming complete encapsula-
tion of the GS-NS, GS-NS@SiO, and GS-NS@SnO,, cores with a
TiO, shell.
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3.3. Structural analysis of the nanoparticles

3.3.1. XRD analysis. Powder XRD analysis was conducted
to determine the phases present in the nanoparticles. The XRD
pattern for the gold-silver nanoshells (and their composite
particles) have peaks containing both gold (JCPDS 04-
0784)"*> and silver (JCPDS 04-0783)%”"°® phases that overlap,
confirming an alloyed phase, discussed in detail in our pre-
vious paper.** For example, the GS-NS@TiO, nanoparticles
contain FCC cubic phase peaks at 20 = 38.25°, 44.40°, 64.75°,
and 77.65° corresponding to the (111), (200), (220), and (311)
crystalline planes, respectively.

After coating the nanoparticles with a TiO, shell, XRD
analysis was conducted to determine the crystallinity of the
shell. The as-synthesized TiO,-coated nanoparticles do not
show any peaks for TiO, (as illustrated in Fig. 9). This result
indicates that the TiO, shell is not crystalline at this stage,
consistent with previous studies.””> The nanoparticles are
then annealed at 450 °C for 4 h. The SEM image of GS-
NS@SiO,@TiO,(x2) in Fig. S3 (ESIT) shows that the discrete
morphology is largely retained after the annealing process. XRD
analysis of the annealed samples shows additional peaks
corresponding to the anatase phase of TiO, (JCPDS 21-
1272).°° The peaks at 20 = 25.38°, 48.05°, 53.95°, 55.04°,
62.85°, and 75.12° correspond to the (101), (200), (105), (211),
(204), and (215) planes of anatase TiO,.”° The peak at 20 =
48.05° and the twin peaks at 20 = 53.95° and 55.04° can be
clearly observed; all of which are fingerprint peaks for the
anatase phase of TiO,. Thus, all three types of architectures
are amorphous as-synthesized and adopt the anatase phase
after annealing. Annealing at 450 °C for 3-4 hours is an
established protocol to obtain anatase phase TiO,.’* The ana-
tase phase is desirable since the position of the conduction
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band is ideal to produce hydrogen gas from splitting water.”*
The XRD peak intensities for the anatase phase, albeit weak, are
consistent with previous reports for similar morphology and
recorded shell thicknesses of the TiO, shell synthesized from
TBOT.>” Interestingly, the TiO, shell grown on top of a rutile
SnO, layer adopts the anatase phase as well. Rutile SnO,
synthesized using the sodium stannate method yields polycrys-
talline SnO, with very small crystallites.>>>® Hence, the peaks
for rutile SnO, are not distinctly visible in comparison to peaks
arising from the much more crystalline Au-Ag alloy and anatase
TiO, phases. However, the broad (211) peak characteristic of
SnO, nanoparticles prepared using this sodium stannate
method,**® can be weakly observed at 20 = 51.51° for the
GS-NS@SnO,@TiO,(x2) samples. Since SiO, is amorphous, no
peaks are observed for SiO, in the corresponding XRD.?

3.4. Optical and electrical properties

3.4.1. UV-Vis spectroscopy. Anatase TiO, has an optical
band gap of 3.2 eV, which limits its extinction to the UV region
only. Previous studies have shown that noble metal nano-
particles typically exhibit strong extinctions in the visible and
near-IR region due to localized surface plasmonic resonance.”””
Localized surface plasmonic resonance (LSPR) is a unique property
exhibited by noble metal nanoparticles and nanoshells where
surface electrons couple with the incident light and oscillate at
the same frequency, leading to extinctions in the visible region.””*
The plasmonic particles chosen for this manuscript are hollow
gold-silver nanoshells since they have a tunable and much broader
extinction in the visible to near-IR regions compared to Au NPs,
enabling better utilization of the solar spectrum by metal oxide
materials. As illustrated by the UV-visible spectra in Fig. 10a,
GS-NSs were synthesized with LSPRs at ~500 nm, ~700 nm,

GS-NS@Si0,@TiO, (450 °C, 4h)
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Fig. 9 Powder XRD patterns for GS—-NS@TiO»(x2), GS—-NS@SiO,@TiO,(x2), and GS-NS@SnO,@TiO,(x2) nanoparticles before and after annealing

along with their respective reference line patterns.
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Fig. 10 (a) Extinction spectra of GS—NSs demonstrating tunable LSPR

maximum (Amax). Spectra normalized with GS—NS = 1. (b) Extinction
spectra of GS—-NS@SiO, nanoparticles showing relative extinction in visible
and UV regions after coating with TiO, seeds and TiO, shells. Spectra
normalized with TiO, = 1.

and ~ 850 nm, thereby demonstrating the ability to tune the LSPR
extinction maximum of the GS-NSs. In a previous paper, our
groups discovered that the incorporation of GS-NSs triggered a
strong visible to near-IR extinction in core-shell nanoparticle
systems with tin oxide.** Theoretical studies of electronic structures
(both rutile and anatase) show that TiO, has several energetically
flat and close-lying levels in the conduction band, while SnO, has a
single highly dispersive level.*® Due to this reason, TiO, exhibits a
much stronger optical extinction than SnO, in the UV region.
However, as mentioned earlier, both oxides cannot absorb light
beyond the UV region on their own. The LSPR properties of GS-NSs
can be used to activate visible- and near-IR-light absorption in TiO,.
UV-vis spectroscopy was used to evaluate the optical extinction
properties of the nanoparticles. Fig. 11 shows the UV-Vis spectra of
the GS-NS nanopatrticles (Ayax ~ 700 nm) after each coating with
Si0,/Sn0, and TiO, at different steps.

The LSPR peak from the GS-NS core largely retains its
plasmonic characteristics after the various stages of coating.
The LSPR peak position, however, shows a red-shift after coating
with SiO,/SnO, and TiO, shells (see Fig. 11a—c). This red-shift is
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Fig. 11 Extinction spectra in the range of 400-1000 nm for the (a)-(c)
GS—-NSs, GS-NS@SIO,, and GS-NS@SnO, nanoparticles before and after
each round of coating with TiO; shells.

consistent with previous observations of coating plasmonic nano-
particles by materials with higher refractive index (R.1.); notably, the
RIL of SnO, (~2.01), SiO, (~1.46), and TiO, (~2.41) are greater
than that of water (~1.33).”>”° In the case of the GS-NS@TiO,
nanoparticles, shell thickness after the first and second round of
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coating are 7 + 1 nm and 28 + 11 nm, respectively. Fig. 11a shows
a red-shift in the LSPR peak of the GS-NS by about ~40 nm after
the first round of coating. After the second round of coating, the
position of the LSPR peak is unchanged. Any further red-shift of the
peak is masked by broadening as contributions from the extinction
tail of the very thick TiO, shell increase significantly. In the case of
GS-NS@SiO,@TiO, nanoparticles, the thickness of the SiO, shell is
23 4+ 7 nm, while the thicknesses of the TiO, shells after the first
and second round of coating are 5 & 4 nm and 10 = 3 nm,
respectively. Since, the R.I. of SiO, is not too different from water,
there is a small red-shift of about ~20 nm in the LSPR peak for
GS-NS after coating with SiO, (see Fig. 11c). After the TiO, coating,
the position of the LSPR peak remains constant, and no significant
red-shift is observed. This phenomenon can perhaps be attributed
to the thickness of the SiO, shell, which is >20 nm. Hence, further
coating with TiO, fails to exert a strong influence on the LSPR
properties of the inner GS-NS core.

This hypothesis is further proved in the case of the
GS-NS@SnO,@TiO, nanoparticles. The thickness of the SnO,
shell is 11 + 3 nm, while the thickness of the TiO, shell after
the first and second round of coating are 4 + 1 nm and 17 £
4 nm, respectively. There is an initial red-shift of about ~60 nm
in the LSPR peak position for the GS-NS after coating with a
SnO, shell. Notably, this red-shift is higher than that for just a
single shell of SiO, since R.I(SnO,) > R.L(SiO,). Interestingly,
this red-shift is also higher than just a single shell of TiO, in
the GS-NS@TiO, nanoparticles, although the R.L(TiO,) >
R.L(SnO,). This phenomenon arises because the thickness of
the SnO, shell (11 + 3 nm) is more than the thickness of a
single TiO, shell (7 &+ 1 nm), increasing overall red-shift. In the
case of the GS-NS@SnO,@TiO, nanoparticles, Fig. 11b shows a
consistent red-shift with every step of TiO, coating. Since the
thickness of the SnO, shell is only 11 £+ 3 nm, another red-shift
of ~15 nm is observed after the first round of TiO, coating.
Also, since the first round of TiO, coating produces a TiO, shell
with a thickness of only 4 + 1 nm, the total combined shell
thickness (SnO, + TiO,) is about 15 + 4 nm, which is still
<20 nm; therefore, another red-shift is observed in the LSPR
peak position by ~15 nm after the second round of TiO,
coating. Thus, the LSPR field of the GS-NS is clearly influenced
by the TiO, coating in each step as long as the combined shell
thickness is within ~20 nm. Additionally, as evident from
Fig. 11b, since the total TiO, shell thickness after both rounds
of TiO, coatings in GS-NS@SnO,@TiO,(x2) is only 17 + 4 nm
thick, hence there is not a strong contribution to the LSPR peak
from the extinction tail of TiO,. Thus, the total red-shift of the
LSPR peak alone in the case of GS-NS@SnO,@TiO,(x2) nano-
particles is about ~ 90 nm. From these observations, it can be
concluded that the LSPR field of hollow GS-NS extends to a
range of about ~20 nm. Beyond this range, the LSPR induced
field of the GS-NS is not affected as strongly. Thus, the LSPR
peak can be red-shifted most effectively by coating them with
multiple thin shells (<20 nm) of materials with a high refrac-
tive index (>2.0) rather than a single thick shell.

These observations also indicate that the LSPR induced
field of the GS-NS only interacts up to a range of ~20 nm.
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There have been similar indications of this phenomenon in
previous literature as well. For example, Li et al. observed that
the photocatalytic efficiency of a GS-NS@ZnIn,S, photocatalyst
was improved when a 17 nm thick SiO, interlayer was
introduced.'® However, the sample with an even thicker SiO,
interlayer of 42 nm thickness performed the worst, even worse
than the sample with no interlayer. The range of LSPR field of
GS-NS was thus thought to extend up to a maximum of
~40 nm. However, results in this present study provide clear
evidence that the LSPR properties of the GS-NS actually extend
up to a maximum range of ~20 nm.

Looking at the UV-Vis spectra for the GS-NS@SiO,@TiO,
(Amax ~ 700 nm) system as an example (Fig. 10b), one can also
evaluate the relative extinctions in visible and UV regions for
the various TiO, coated systems. As observed, coating TiO,
introduces a characteristic peak in the UV region corres-
ponding to the excitation of electrons across its band gap.
As expected from theoretical predictions, UV extinction by TiO,
is significantly more intense than the SnO,-coated nano-
particles.?® The relative UV extinction due to the TiO, band-
gap excitation increases rapidly with increasing thickness for
all samples. When the amounts of TBOT precursor and water
for hydrolysis are increased, thicker shells are obtained, as
illustrated by the SEM imaging and size measurements (see
Fig. 1-3). With a second round of coating on the TiO, coated
particles, the thickness increases further, and the UV extinction
also increases, as expected. As demonstrated earlier in Fig. 4,
the TiO, coating recipe can also be modified to synthesize TiO,-
seed decorated nanoparticles. Fig. 10b shows the UV-Vis spec-
tra of TiO,-seed decorated nanoparticles compared to the ones
with complete TiO, shells after one and two rounds of coatings.
Apparent from the data, relative UV and visible-light extinction
intensities in this nanoparticle system can be tuned simply by
changing between TiO,-seeds and TiO, shells with various
thicknesses. The UV light extinction in the TiO,-seed decorated
nanoparticles is nearly equal to the LSPR extinction in the
visible region. These results also hold true for TiO,-seeding and
TiO, shells on just GS-NSs and on GS-NS@SnO,, cores as well.
Thus, one can add equivalent levels of UV extinction to plas-
monic nanoparticles simply by seeding TiO, nanoparticles on
its surface, without necessarily coating an entire shell. Overall,
using this TiO, coating recipe, the relative extinctions in the
visible and UV regions can be easily tuned. This feature adds
further tunability and versatility to the optical properties of this
nanoparticle system.

3.4.2. Photoluminescence spectra and electron/hole
recombination. In addition to a lack of extinction beyond the
UV region, another major limitation of metal oxide nano-
particles is the recombination of photogenerated electrons and
holes.>'® The free electrons in the conduction band generated
from excitation across the band gap readily recombine with the
holes in the valence band instead of participating in the
targeted chemical reaction.'® A few different strategies have
been employed to ensure longer separation of these photo-
generated electron-hole pairs in semiconductor catalysts.>””
Noble metal nanostructures have also been shown to be
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effective in reducing the rate of electron-hole recombination in
various metal oxides.>”””® For metal oxide and noble metal
hetero-structured nanoparticle catalysts, the metal oxides are
most commonly used as the inner core, and noble metal
nanoparticles on the outside either as seeds, partial shells, or
complete shells. These hetero-structured nanocomposites have
been able to reduce electron-hole recombination in the metal
oxide core.*> Au NPs have been typically used to quench the rate
of electron-hole recombination, especially in the case of TiO,
and SnO, photocatalysts.>>>”787%° previous studies conducted
by Khantamat et al. with gold decorated TiO, nanoparticles
exhibited effective suppression of electron-hole recombina-
tion, leading to higher photocatalytic activity.”®

In a previous paper,>* our groups studied a different design
with the plasmonic Au NP as the core and the metal oxide as the
outer shell. An extremely effective suppression in the rate of
electron-hole recombination was observed per particle. When
the PL intensities were normalized with respect to the volume
of tin oxide material per particle, a nearly complete suppression
of the recombination is observed. This result outlined a sig-
nificant advantage of having the noble metal nanoparticle as
the core and the metal oxide as the outer shell. Although Au
NPs have been commonly employed for decreasing electron-
hole recombination, the use of gold-silver nanoshells was also
examined for this purpose. The suppression of electron-hole
recombination per volume of tin oxide appears to be more
effective with a GS-NS core compared to the ones with an Au NP
core, affording a near-complete suppression.

As discussed earlier, TiO, absorbs light much more strongly
than SnO,, leading to the creation of a much greater number of
electron-hole pairs.®® This study examines whether the effect of
GS-NS core on the electron-hole recombination of TiO, also
shows similar quenching as observed for Sn0,.>* To examine
the effect of the GS-NS core in quenching the electron-hole
recombination in TiO,, photoluminescence studies were con-
ducted. Photoluminescence intensity in metal oxide semicon-
ductors arises from the energy emitted by the electrons that fall
back from the conduction band to recombine with the holes in
the valence band. Hence, a drop in the photoluminescence
intensity is indicative of a decrease in the rate of electron-hole
recombination.”” Photoluminescence measurements were car-
ried out for all the samples with excitation wavelength at
300 nm to ensure complete band gap excitation in the TiO,
component. Photoluminescence spectra of the core-shell and
core-dual-shell nanoparticles are compared to commercial TiO,
nanoparticles. For the purpose of meaningful comparison,
photoluminescence intensities were normalized with respect
to particle concentration and volume of TiO, per particle, as
shown in Fig. 12. As illustrated in Fig. 12, the GS-NS core
effects significant suppression in the rate of electron-hole
recombination in TiO, as well. This extremely effective quench-
ing of electron-hole recombination in TiO, further reiterates
the importance of this design where the metal oxide material is
employed as the shell with the noble metal core inside. These
results prove that the GS-NS core design is effective for the
suppression of electron-hole recombination in metal oxides

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Photoluminescence spectra of TiO,, GS-NS@TiO,(x2), GS-
NS@SiO,@TiO,(x2), and GS—-NS@SnO,@TiO,(x2) nanoparticles normal-
ized with respect to (a) particle concentration, (b) particle concentration +
volume of TiO, per particle, and (c) TiO, extinction intensity.

with much higher number of excitons than SnO, as well. When
the PL intensities are normalized with respect to volume of
TiO, per particle (see Fig. 12b), the effect of the interlayers
becomes more evident in the three different types of TiO, core-
shell materials synthesized. Among the three types of particles,
the recombination is quenched most effectively in the presence
of a SnO, interlayer, at ~68%, even better than the particle
with no interlayer. The quenching due to the GS-NS core in the
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GS-NS@TiO, was found to be ~56%, while for the GS-NS@
SiO,@TiO, nanoparticles, the quenching was the lowest at ~49%.
However, these results suggest that even in the presence of an
insulating SiO, interlayer between the GS-NS and TiO,, the GS-NS
can still accept electrons from the TiO, shell and increase the
lifetime of charge carriers. This phenomenon can plausibly be
attributed to tunneling due to the mesoporous nature of the SiO,
shell, or to the presence of small TiO, particulates within the SiO,
interlayer, facilitating electron transfer to the GS-NS core.

To verify these trends, the photoluminescence spectra were
normalized with respect to the intensity of UV extinction due to
TiO, in the corresponding samples (see Fig. 12c). As expected,
the trends in Fig. 12c closely correlate those in Fig. 12b,
confirming the effect of the interlayers on the charge transfer
and recombination characteristics. The quenching in GS-NS@
TiO,, GS-NS@SnO,@TiO,, and GS-NS@SiO,@TiO, nano-
particles was calculated to be ~58%, ~68%, and 50%, respec-
tively, when normalized with TiO, extinction intensity. These
results together confirm that electron-hole recombination of
TiO, is most effectively suppressed in the presence of a SnO,
interlayer, which can likely be attributed to the type-II hetero-
junction characteristics between the SnO, interlayer and the
TiO, shell. In addition to charge-carrier trapping by the GS-NS
core, additional electrons can be trapped in the conduction
band of SnO,, increasing their lifetime. As reported in previous
studies, electrons move from the CB of TiO, to the CB of SnO,,
while the holes from VB of SnO, move in the opposite direction
towards VB of TiO, in such a system.*®*® This orchestration
allows for highly effective separation of charge carriers.*® Given
the polycrystalline porous nature of both the TiO, and SnO,
shells,>*3%°>8 all parts of the nanoparticle are accessible;
chemical species in solution can easily access any part of the
nanoparticle to react with either holes or electrons.

In a previous paper, our groups had also demonstrated the
ability to modify the GS-NS@SnO, recipe to generate doped tin
oxide shells with antimony and zinc,** which was achieved
simply by adding sodium antimonate and sodium zincate to
sodium stannate in the tin oxide coating step. When combined
with the ability to alter the band gap and conductivity of the tin
oxide interlayer material by doping with antimony and zinc,
this recipe allows us to design finely tailored heterojunctions
with TiO, while keeping the chemistry consistent, which will
greatly enhance our ability to modulate electronic structures on
the nanoscale.

4. Conclusions

We successfully demonstrated a strategy to compensate for the
drawbacks and enhance the utility of TiO,. A single facile and
versatile solution was developed for the controlled growth of
TiO, shells directly on a noble metal core consisting of GS-NSs,
as well as on GS-NSs with a semiconducting (SnO,) and
insulating (SiO,) interlayer. The versatility of both this method
and optimization approach allows us to utilize a single synth-
esis procedure to coat uniform TiO, shells on multiple diverse
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cores, such as a crystalline metal, polycrystalline metal oxide,
and amorphous silica. Measurements of the optical properties
showed that the plasmonic core-shell and core-dual-shell
nanoparticles exhibit strong extinctions in the visible and
near-IR regions, respectively, and that the position of extinction
maximum (Amay) can be successfully tuned within this region.
This strong LSPR extinction can extend the utility of TiO, well
beyond the UV region. Further, the relative extinctions in the
UV, visible, and near-IR regions can be carefully tailored by
changing the ratio of Au/Ag in the GS-NS alloy and/or by
controlled TiO, coating/seeding methods reported herein. The
range of the LSPR field for the GS-NSs was also thoroughly
investigated and found to extend up to ~20 nm. Incorporation
of the GS-NS core also demonstrated a remarkable suppression
in the rate of electron-hole recombination in TiO,. This obser-
vation further establishes the utility of plasmonic gold-silver
nanoshells and paves the way for their use in enhancing the
properties of other traditional semiconductor materials as well.
Importantly, this exceptional reduction of the electron-hole
recombination further demonstrates the effectiveness of
designing the plasmonic nanoparticle as the core and the metal
oxide as the shell.

This synthesis method is easily transferable to generate TiO,
shells on GS-NS with a semiconducting SnO, interlayer or an
insulating SiO, interlayer. Moreover, by virtue of the facile and
consistent synthetic method described herein, SnO, shells now
offer a viable semiconductor alternative to traditional silica
shells. Like SiO,, the SnO, shell can also be easily functiona-
lized using recipes used for SiO,, while possessing multiple
advantages such as having a tunable semiconducting band
gap®®®® and stability across a wider pH range.’® The results
demonstrate that the presence of different interlayers between
the GS-NS and TiO, shell can change the localized plasmonic
effects, energy-transfer, charge-transfer, and recombination
properties in these systems. The extinction spectra of the three
different types of nanoparticles demonstrate that the LSPR field
of GS-NS extend to a range of 20 nm, and can be red-shifted
most effectively with successive addition of thin interlayers
(<5 nm each) with a high refractive index (>2.0) instead of a
single thick layer. The nanoparticles with an SnO, interlayer
also afforded the greatest suppression of TiO, recombination.
The successful synthesis of visible/near-IR-active SnO,/TiO,
composite nanoparticles with proposed type-II heterojunction
characteristics opens the door for novel optoelectronic possibili-
ties. Combined with the ability to vary the SiO, shell thickness®
and modulate the band gap of SnO, via doping,***° this versatile
TiO, coating method affords us multiple handles to tune the
electrical properties in nanoscale colloids. This work provides a
good foundation for the synthesis of core-dual-shell tunable-
heterojunction nanoparticles, which can be further developed in
terms of the shell smoothness by employing templated methods
such as using block copolymers as nanoreactors, which has been
reported previously.* ¢ On the whole, a combination of these
optical and electrical properties should render these unique hybrid
particles effective materials for photovoltaics, photocatalysis,
optoelectronic devices, and sensors.
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